Introduction
As various forms of marine biomass are frequently utilized in Japan, the effective use of seaweed as a renewable energy source has attracted the attention of researchers. Since the Giant Kelp Project in the United States was conducted in the 1970s 1) , various types of algae have been investigated for the utilization of marine biomass 2) 6) . However, because of the presence of extensive kelp culture in Japan, the utilization of kelp (Laminaria japonica) presents numerous opportunities. One of the constituents of kelp and a major target component is mannitol, which comprises the largest organic component of kelp. Mannitol is easily utilized by microorganisms for methane fermentation and valueadded oil production 7), 8) .
Toward that end, the proper pretreatment of kelp is desired. The stable cell structure of kelp prohibits its efficient digestion by microorganisms. As such, mannitol within the cell should be released effectively for direct use by microorganisms. Accordingly, hydrothermal pretreatment, or the treatment of kelp in hot compressed water, is a suitable pretreatment 9) 11) . Specifically, this technique destroys the cell structure of algae, and releases the cell contents 12) . Meanwhile, harsh pretreatment conditions may result in the decomposition of substrates needed for biochemical conversion. Thus, the decomposition characteristics should be elucidated in order to determine the optimum conditions for mannitol recovery. Therefore, the determination of the hydrothermal decomposition rate of mannitol is essential to achieve the most effective use of kelp.
The hydrothermal decomposition characteristics of various organic compounds have been studied 13) 17) , but the decomposition of mannitol under hydrothermal conditions has not been reported to date. The purpose of this study is to elucidate the decomposition characteristics of mannitol under hydrothermal conditions. As mannitol is a hexose sugar alcohol, it should be interesting to compare its decomposition characteristics with those of glucose, which is a typical hexose found in terrestrial biomass such as lignocellulosic biomass. For utilization of kelp, which is produced abundantly in Japan, recovery of mannitol is important because mannitol is a main component of kelp. Mannitol can be recovered into liquid phase by hydrothermal pretreatment of kelp, but when treatment condition is too severe, decomposition of the product mannitol also takes place. To determine the optimum condition for hydrothermal pretreatment, determination of mannitol decomposition rate is indispensable. The purpose of this study is to determine decomposition rate parameters of mannitol under hydrothermal conditions for mannitol recovery from kelp without concomitant decomposition. The decomposition rate was successfully determined using a flow reactor, and the rate constant was expressed with a first-order Arrhenius rate equation with a pre-exponential factor of 3.23 s -1 and activation energy of 26.5 kJ/mol. The obtained reaction rate predicted the behavior of mannitol during hydrothermal pretreatment of kelp with average error of 4.6 %.
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Materials and Methods
The details of the experimental apparatus have been reported elsewhere 18) . A detailed study regarding the decomposition characteristics of glucose was previously conducted using this apparatus. In this study, a temperature range of 150-200 was employed to attain hydrothermal pretreatment conditions. Briefly, the reactor was made of a stainless steel tube of an inner diameter of 1 mm, an outer diameter of 1.58 mm, and a length of 4 m. An aqueous solution of mannitol (1 wt%) was fed by a high-pressure pump and mixed with preheated water at the reactor inlet, so that the temperature rapidly increased. The mixing ratio of water to mannitol was 4 : 1 (w/w). Thus, the mannitol concentration in the reactor was 0.2 wt%. After passing through the reactor, the effluent was cooled by mixing with cold water in order to stop the reaction. The reactor was heated with a molten salt bath. The amount of nondecomposed mannitol in the effluent was determined using high-performance liquid chromatography (HPLC). The column employed was KS-802 of Shodex Co. The reaction temperature was varied in the range of 170-250 , while the reaction pressure and residence time were maintained at 25 MPa and 80 s, respectively. Mannitol was obtained from a commercial source, and was used as received without further purification. Figure 1 shows the effect of reaction temperature on mannitol yield, which was determined as the ratio of the amount of mannitol in the effluent to that in the feedstock. The mannitol yield decreased with increasing temperatures, suggesting that the hydrothermal decomposition of mannitol increased at higher temperatures. The reaction order of glucose decomposition under hydrothermal conditions is close to unity, and the same can be expected for mannitol. As such, mannitol yields less than 0.6 mol/mol at 250 are concerning, because it indicates that the yield decreases to 0.6 mol/ mol of original amount every 80 s. If the hydrothermal pretreatment takes 160 s, the mannitol yield should be 0.36 mol/mol. Similarly, if the hydrothermal pretreatment takes 240 s, the mannitol yield should be 0.216, and most of the mannitol will be lost. Even at 170 , the lowest temperature employed in this study, the mannitol yield was 0.80 kg/kg, highlighting the necessity of short treatment times of kelp under hydrothermal conditions.
Results and Discussion
Assuming a first-order reaction, the hydrothermal decomposition of mannitol can be expressed using the following equation:
where C, t, and k denote mannitol concentration, reaction time, and reaction constant, respectively. This equation was integrated to
where C0 and Y denote initial mannitol concentration and mannitol yield, respectively. Using a reaction time of 80 s, Eq. (3) was used to determine the reaction rate coefficient at each temperature. Table 1 shows the reaction rate constants determined at each temperature. Notably, the reaction rate constant increased with increasing temperatures.
To express the effect of temperature on the decomposition rate constant of mannitol, an Arrhenius plot was made as shown in Fig. 2 . A good linear relationship between the logarithm of the rate constant and the inverse of the absolute temperature was obtained. The pre-exponential factor k0 and activation energy Ea obtained from the plot were 3.23 s -1 and 26.5 kJ/mol, respectively. To determine the confidence interval, statistical analysis was also conducted. The 0.95 confidence interval for these reaction rate parameters were The Arrhenius plot of glucose decomposition in hot compressed water 18) is also shown in Fig. 2 for com- parison. Compared to glucose, mannitol decomposed much faster, again highlighting the necessity of a quick treatment of kelp in order to retain the mannitol. The large difference in the decomposition rate of mannitol and glucose is interesting because both compounds are hexoses or hexose-derived alcohols. The difference can be attributed to the functional group at the end of the chain structure. Glucose contains an aldehyde group, while mannitol contains a hydroxyl moiety. Due to the aldehyde group, glucose can form a glucopyranoside or ring structure. As such, it may have been more stable in hot compressed water. The decomposition in hot compressed water at low temperatures was postulated to be due to the reaction with water. Retro-aldol condensation and dehydration were also observed under much higher temperatures 19),20) . In order for the reaction between water and sugar molecules to take place, the sugar must be accessible to the water molecule. However, if the sugar forms a ring structure, it is difficult for water to access the molecule from the inner side of the ring. Also, the ring structure stabilizes the molecule, and makes decomposition more difficult.
To find the effectiveness of the obtained rate parameters on actual operation of mannitol recovery using hydrothermal pretreatment, comparison with the experimental result and calculated yield was conducted. The experimental result was obtained by treating kelp using autoclave, and has been reported elsewhere 12) . The effect of salt was also checked in the study, and no effect of salt was observed practically. The temperature change in the autoclave with time was used to estimate the yield of mannitol. Whether mannitol is in the cell or not, its decomposition is expected to take place following the decomposition rate obtained in this study, as long as no interaction from other kelp component exists. The characteristics of the experimental result was that the effect of temperature was almost negligible. Surely higher temperature treatment resulted in lower mannitol yield, which should have been decomposition of mannitol at high temperature, but the effect of temperature was not so large. The result of comparison is shown in Fig. 3 . The initial mannitol amount was assumed to be 0.98 g, which gave the best agreement with the experimental result. The calculation result showed good agreement with experimental result. This fact implies that the reaction rate obtained here is effective for predicting the behavior of mannitol in the actual hydrothermal pretreatment of kelp, and that no interaction with other component of kelp needs to be considered in terms of mannitol decomposition. The parity plot between the experimental results and calculated values are shown in Fig. 4 . The reaction rate obtained here could predict the experimental result with the average relative error of 4.6 %.
Conclusions
Using a flow reactor, the temperature characteristics of the hydrothermal degradation of mannitol were determined. The following results were obtained: (1) The reaction rate constant was expressed by the first order Arrhenius equation with a pre-exponential factor of 3.23 s -1 and activation energy of 26.5 kJ/mol. 
